Abstract Increased cyclooxygenase (COX-2) expression in tumors is known to be correlated with tumor invasion, angiogenesis, resistance to apoptosis, and suppression of host immunity. We previously reported that the invasiveness of human oral squamous cell carcinoma (OSCC) cell lines NA and HSC-4 was suppressed by treatment with either NS-398, a selective COX-2 inhibitor, or COX-2 antisense oligonucleotide (AS). In the present study, to explore the effects of COX-2 inhibition on the interaction between cancer cells and fibroblasts, we examined the effects of these anti-COX-2 reagents on the expression of matrix metalloproteinases (MMPs) in fibroblast cell lines WI-38 and MRC-5. Western blotting and enzyme-linked immunosorbent assay revealed that NS-398 and COX-2 AS down-regulated the expression and secretion of MMP-2 and the tissue inhibitor of matrix metalloproteinase-2 (TIMP-2) in human fibroblast cell lines. Furthermore, invasion activity of OSCC cells was down-regulated by the addition of culture supernatant from fibroblasts treated with anti-COX-2 reagents in a Matrigel Ò invasion assay. These results suggest that selective COX-2 inhibition suppresses the invasion activity of OSCC cells via down-regulation of an MMP-2-activating mechanism involving TIMP-2 and production of the MMP-2 protein by an interaction between cancer cells and stromal fibroblasts. Genetic or pharmacological inhibition of COX-2 may therefore be a beneficial strategy in the treatment of OSCC.
Introduction
Arachidonic acid metabolites, collectively referred to as eicosanoids, include hydroxyeicosatetraenoic acids, prostaglandins (PGs), thromboxanes (TXs), and leucotrienes (LTs), and affect a number of signal transduction pathways that modulate the growth and differentiation of various cancer cell lines [1] [2] [3] . Cyclooxygenase (COX) is the ratelimiting enzyme for the production of PGs and TXs from free arachidonic acid [4] . Two forms of COX have been described: a constitutive enzyme (COX-1) present in most cells and tissues and an inducible isoenzyme (COX-2) expressed in response to cytokines, growth factors, and other stimuli [5] . It is reported that more than 80% of human colon cancers exhibit increased COX-2 levels when compared with adjacent normal tissue [6] . As well as in colorectal cancer, increased COX-2 expression has been confirmed in carcinomas of various organs, including the prostate, lung, esophagus, pancreas, and mucous membranes of the head and neck [7] [8] [9] [10] [11] . Previous studies have also demonstrated that the overexpression of COX-2 plays an important role in angiogenesis, resistance to apoptosis, and suppression of host immunity [12, 13] . Thus, it is conceivable that targeted inhibition of abnormally or improperly elevated COX-2 provides one of the most effective and promising strategies for cancer therapy. We previously reported that NS-398, a selective inhibitor of COX-2, and COX-2 antisense oligonucleotide (COX-2 AS) suppressed the proliferation and invasiveness of OSCC cell lines NA and HSC-4. These reagents also down-regulated the secretion of matrix metalloproteinase-2 (MMP-2) into culture supernatant as well as the expression of MMP-2 mRNA and protein. In addition, the expression of MT1-MMP, which activates proMMP-2 at the cell surface, leading to enhanced cellular invasion in vitro [14] , was also down-regulated by treatment with these reagents [15, 16] . However, MMP-2 is chiefly secreted from stromal cells and it is known to contribute to the acquisition of invasiveness by the cancer cells through activation of a tumorstromal interaction. Furthermore, tissue inhibitor of metalloproteinases (TIMP)-2 secreted from fibroblasts and MT1-MMP expressed on the surface of cancer cells are involved in this activation mechanism of MMP-2. The aim of this study was therefore to evaluate the effects of specific inhibition of COX-2, either by NS-398 or transfection with COX-2 antisense oligonucleotide, on the invasion activity of OSCC cells through tumor-stromal interaction.
Materials and methods

Reagents
NS-398, a selective inhibitor of COX-2, was purchased from Calbiochem-Novabiochem (San Diego, CA, USA). According to the manufacturer's information, NS-398 at 79.5 lM selectively inhibits COX-2 activity without inhibiting COX-1 activity. Therefore, NS-398 at 79.5 lM was used in the present study. Isogen, a reagent for extraction of total RNA, was obtained from Wako (Tokyo, Japan). As a primary antibody for Western blot analysis, MMP-2 monoclonal antibody (mouse anti-matrix metalloproteinase-2 aminoterminal end affinity isolated antibody) and TIMP-2 monoclonal antibody were purchased from Daiichi Fine Chemical (Toyama, Japan). Carboxy fluorescein (CFS)-conjugated mouse anti-human MMP-14 (MT1-MMP) monoclonal antibody was purchased from Dako Corporation (Carpinteria, CA, USA). Horseradish peroxidase (HRP)-conjugated rabbit anti-Ig secondary antibody for Western blot analysis was purchased from Amersham Biosciences (Uppsala, Sweden).
Cell lines and cell culture
The NA and HSC-4 cancer cell lines established from patients with squamous cell carcinoma of the tongue were maintained as monolayers in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin (complete medium). WI-38 and MRC-5 fibroblast cell lines were maintained in modified Eagle's medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin (complete medium). Subconfluent monolayers of these cells were used in all experiments. The culture supernatants of fibroblast cell lines were used as a chemoattractant for OSCC cells in an invasion assay.
Phosphorothioate antisense oligonucleotides
The phosphorothioate oligonucleotides used in this study were as follows: the COX-2 antisense oligonucleotide was 5 0 -GGAAACATCGACAGT-3 0 and the control (non-sense) oligonucleotide was 5 0 -TGCACTCACGCTCGG-3 0 . The scrape-loading delivery method was used to introduce oligonucleotides into the cytosol.
MTT assay
To assess the effects of either NS-398 or COX-2 AS on fibroblast cells, we performed an MTT assay. Western blot analysis Cells were plated in 10 ml of complete medium containing 2 9 10 6 cells. After 18 h incubation, 79.5 lM of NS-398 or 5 lM of COX-2 AS was added to the culture. After a further 12 h incubation, cells were lysed in IGEPAL lysis buffer [20 mM HEPES (pH 7.5), 350 mM NaCl, 25% glycerol, 0.25% IGEPAL CA-630, 1 mM sodium o-vanadate] with complete Mini TM protease inhibitor (Roche Diagnostics, Mannheim, Germany). Lysates were centrifuged at 14000 9 g for 15 min at 4°C and their protein concentrations were measured by Bradford assay. Protein (30 lg) was separated by SDS-PAGE, transferred to Hybond TM PVDF membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK), and after blocking by incubation for 90 min in 5% skim milk buffer at room temperature, the membranes were treated with the primary antibody (anti-MMP-2 and anti-TIMP-2 monoclonal antibody) followed by the HRP-conjugated secondary antibody (mouse anti-Ig antibody). Protein bands were visualized with the ECL plus TM Western blot detection system (Amersham Pharmacia Biotech), according to the manufacturer's instructions.
Invasion assay
The membrane invasion assay was performed in Matrigel Ò -coated invasion chambers (Becton Dickinson Labware, Franklin Lakes, NJ). Briefly, fibroblasts (WI-38 and MRC-5) were treated with 79.5 lM of NS-398 or 5 lM of COX-2 AS for 24 h; the culture supernatant was replaced with fresh medium and the cells were further incubated for 24 h. The culture supernatant of these fibroblasts was then placed in the upper chamber with 5 9 10 4 of OSCC cells and DMEM was placed in the lower chamber. Following 18 h of incubation at 37°C in a humidified 5% CO 2 atmosphere, cells in the upper chamber and on the Matrigel basement membrane matrix were mechanically removed with a cotton swab. Cells adherent to the outer surface of the membrane were fixed in 25% methanol and stained with crystal violet. The invading cells were counted and photographed under a microscope (PROVIS AX-UCDM, Olympus, USA) at 2009 magnification. Five fields were counted per filter in each group and the experiment was conducted in triplicate. 
Measurement of MMP
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Results
Effects of COX-2 inhibition on the cell viability of fibroblasts
We performed the MTT assay on fibroblast cells that were treated with either 79.5 lM of NS-398 or 5 lM of COX-2 AS for up to 48 h to assess the cytotoxicity caused by these reagents in the present study. As a result, these anti-COX-2 reagents had no significant effect on the viability of fibroblast cells (data not shown).
Invasion assay
To examine the effects of culture supernatant from fibroblast cell lines treated with NS-398 and COX-2 AS on the invasiveness of OSCC cells, we performed the Matrigel invasion assay. As shown in Fig. 1a , both OSCC cell lines in contact with the supernatant of fibroblasts treated with either NS-398 or COX-2 AS showed significantly lower invasiveness (P \ 0.01). The OSCC cells that invaded the outer surface of the membrane were stained with crystal violet. Figure 1b shows that the stained OSCC cells, contact with the supernatant of fibroblasts treated with either NS-398 or COX-2 AS, were less than control group.
Measurement of MMP-2 and TIMP-2 in culture supernatant of fibroblasts
To assess the effects of NS-398 or COX-2 AS on the secretion of MMP-2 and TIMP-2 into the culture supernatant of fibroblasts, we performed an enzyme-linked immunosorbent assay. As shown in Fig. 2 , the amounts of MMP-2 and TIMP-2 in culture supernatant were significantly decreased by treatment with either NS-398 or COX-2 AS in both fibroblast cell lines.
Effects of COX-2 inhibition on the protein level of MMPs in fibroblasts
To evaluate the effects of these anti-COX-2 reagents on the protein expression of MMP-2 and TIMP-2 in WI-38 and MRC-5 fibroblast cell lines, we performed Western blot analysis. Western blot analysis revealed that MMP-2 and TIMP-2 proteins were constitutively expressed in both fibroblast cell lines and the amounts of these proteins were reduced by treatment with either NS-398 or COX-2 AS (Fig. 3) . (Fig. 4) . 
Discussion
Transcription of COX-2 is constitutively up-regulated in several malignancies including oral cancer [17] . Several studies have indicated that overexpression of COX-2 is associated with resistance to apoptosis, angiogenesis, decreased host immunity, and enhanced invasion and metastasis [18] [19] [20] [21] . We previously reported that COX-2 is overexpressed in human OSCC cell lines NA and HSC-4 and that the proliferation of these cells was down-regulated by treatment with NS-398, a highly selective inhibitor of COX-2. Furthermore, we reported that the COX-2 inhibition suppressed the invasiveness of NA and HSC-4 cells via down-regulation of MMP-2 secreted by these cells and CD44 on the surface of the cells. However, many cancer studies have acknowledged the active roles that tumor stroma can play in carcinogenesis, focusing on the abnormal communication between the tumor cells and their microenvironment [22] . The stromal microenvironment has been reported to be associated with a multistep process including initiation, progression, and invasion [23] [24] [25] [26] . In the present study, we examined the effect of invasion activity of OSCC cells cultured with supernatant from fibroblasts treated with either NS-398 or COX-2 AS. Our results indicated that the invasiveness of NA and HSC-4 cultured with supernatant from fibroblasts treated with either NS-398 or COX-2 AS was suppressed, as determined by the Matrigel invasion assay. To define the inhibitory effects of these reagents on the invasiveness of OSCC cells, we focused on the effects of these anti-COX-2 reagents on MMP expressions in fibroblast cell lines because it is well known that most MMPs play an important role at the cancer invasion front in vivo [27, 28] . In addition, it has also been reported that not only tumor cells but also normal peripheral cells such as stromal fibroblasts increase the expression of MMPs, which are available for the breakdown of the extracellular matrix to enhance tumor invasion [29] . Therefore, the behavior of MMPs in both cancer cells and stromal fibroblasts should be estimated. Matrix metalloproteinases are a family of highly homologous extracellular zinc-and calcium-dependent endopeptidases with enzymatic activity against almost all protein components of the extracellular matrix. Based on protein domain structure and substrate specificity, MMPs can be divided into four subclasses: collagenases, gelatinases, stromelysins, and membrane-type MMPs [30] . We evaluated MMP-2 expression because the main component of the basement membrane is type IV collagen, which is degraded by collagenases, and several reports have indicated a correlation between increased MMP-2 expression and metastatic potential in various cancer cell lines [31] [32] [33] .
Furthermore, Attiga et al. [34] reported the inhibition of MMP-2 and MMP-9 by COX-2 inhibitors in prostate cancer. As shown in the current study, both NS-398 and COX-2 AS suppress the secretion of MMP-2 into the culture supernatant as well as the expression of MMP-2 protein in fibroblast cells.
Among the MT-MMPs, MT1-MMP has been shown to be frequently expressed in migratory cells such as osteoclasts, endothelial cells, and invasive cancer cells [35] [36] [37] . MT1-MMP degrades collagen types I, II, and III, fibronectin, laminin 1 and 5, vitronectin, and aggrecan [38] . It also activates other MMPs such as proMMP-2 and proM-MP-13 (procollagenase 3) [39] . Thus, the expression of MT1-MMP on the cell surface is thought to trigger multiple proteinase cascades. Therefore, we investigated the effects of COX-2 inhibition on the expression of MT1-MMP. The expression of MT1-MMP on the cell surface of OSCC cells was dramatically suppressed by treatment with NS-398 or COX-2 AS.
Enzymatic activities of MMPs are controlled by TIMPs under physiological and pathological conditions [40] . The metastasis of malignant tumor cells is inhibited by exogenously administering or overexpressing TIMP-1 and TIMP-2 in vivo and in vitro [41] [42] [43] [44] . TIMP-3 and TIMP-4 have also been reported to prevent tumor cell invasion and metastasis in vitro and in vivo [45, 46] . Furthermore, elevated expression of TIMPs is observed concomitant with augmenting the production of MMPs in various tumor tissues [29, 41] , suggesting a host response to tumor invasion and metastasis in an effort to regulate the activity of MMPs for preventing extracellular matrix breakdown. In the current study, both NS-398 and COX-2 AS suppress the secretion of TIMP-2 into the culture supernatant as well as the expression of TIMP-2 protein in fibroblast cells.
Tumor-stromal cell contact provides a crucial signal for the progression of tumor invasiveness via soluble factors and/or membrane-anchored molecules. The MMPs protein is located in carcinoma cell membranes linked to MT1-MMP and TIMP-2 complex. This complex is required for full local, pericellular MMP-2 activity in cancer tissue. MMP-2 is mainly synthesized in peritumoral fibroblasts rather than tumor cells in breast, colon, lung, skin, and head and neck cancers [47] . Numerous studies have now shown the induced expression of other MMPs in head and neck carcinomas produced both by tumor cells and surrounding stromal cells [24, 42, 48, 49] .
The results shown in the present study confirm that COX-2 inhibition suppresses the invasiveness of OSCC cells cultured with supernatant from fibroblasts via downregulation of MMPs secreted by the fibroblasts. Genetic or pharmacological inhibition of COX-2 may therefore be a beneficial strategy in the treatment of OSCC.
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